Coordinated Regulation of Actin Filament Turnover by a High-Molecular-Weight Srv2/CAP Complex, Cofilin, Profilin, and Aip1  by Balcer, Heath I. et al.
Current Biology, Vol. 13, 2159–2169, December 16, 2003, 2003 Elsevier Science Ltd. All rights reserved. DOI 10.1016/j .cub.2003.11.051
Coordinated Regulation of Actin Filament Turnover
by a High-Molecular-Weight Srv2/CAP Complex,
Cofilin, Profilin, and Aip1
Actin filament turnover rates in vivo are 50- to 100-fold
faster than those measured in vitro using purified actin,
suggesting that cellular factors accelerate actin turnover
(reviewed in [1]). The rate-limiting step in the turnover
of purified actin filaments is dissociation of subunits
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Center from filament ends. Cofilin/ADF (actin depolymerizing
factor) proteins dramatically increase the rate of turn-Brandeis University
Waltham, Massachusetts 02454 over by severing filaments and/or increasing the rate
of dissociation of subunits from filament pointed ends2 Department of Cell Biology
Washington University School of Medicine (reviewed in [2–4]). Cofilin mutants with defects in these
activities in vitro, such as cof1-22, cause severely re-St. Louis, Missouri 63110
duced rates of actin filament turnover in vivo [5].
Two conserved proteins that physically interact with
cofilin are Aip1 and Srv2/CAP (suppressor of rasVal14/Summary
cyclase associated protein) [6–9]. Aip1 binds to actin
filaments in a cofilin-dependent manner and cooperatesBackground: Dynamic remodeling of the actin cytoskel-
with cofilin to regulate actin turnover [6, 7, 10]. In yeast,eton requires rapid turnover of actin filaments, which is
Aip1 localization to cortical actin patches is disruptedregulated in part by the actin filament severing/depoly-
by a specific allele of cofilin, cof1-19, which has normalmerization factor cofilin/ADF. Two factors that cooper-
actin filament severing/depolymerization activity [7, 34].ate with cofilin are Srv2/CAP and Aip1. Human CAP
The Aip1 mechanism of action is not yet fully under-enhances cofilin-mediated actin turnover in vitro, but its
stood, but a recent study showed that Xenopus Aip1biophysical properties have not been defined, and there
localizes to the barbed ends of filaments, where it formshas been no in vivo evidence reported for its role in
a cofilin-dependent cap that blocks reannealing of sev-turnover. Xenopus Aip1 forms a cofilin-dependent cap
ered filaments [11].at filament barbed ends. It has been unclear how these
Srv2/CAP homologs in fungal, plant, and animal cellsdiverse activities are coordinated in vivo.
are required for normal actin organization (reviewed inResults: Purified native yeast Srv2/CAP forms a high
[12]). Srv2 has an additional role in Ras-dependent acti-molecular weight structure comprised solely of actin
vation of adenylyl cyclase, but this function is limited toand Srv2. The complex is linked to actin filaments via
fungi and is separable from its actin functions [13–15].the SH3 domain of Abp1. Srv2 complex catalytically
Most of the actin-related functions of Srv2/CAP haveaccelerates cofilin-dependent actin turnover by releas-
been assigned to its carboxyl terminus, which binds toing cofilin from ADP-actin monomers and enhances the
actin monomers, saturating at a 1:1 molar stoichiometryability of profilin to stimulate nucleotide exchange on
[16–19]. Human CAP also binds to cofilin and promotesADP-actin. Yeast Aip1 forms a cofilin-dependent fila-
actin filament depolymerization in vitro by recycling cofi-ment barbed end cap, disrupted by the cof1-19 mutant.
lin from actin monomers [9]. This suggests that Srv2/Genetic analyses show that specific combinations of
CAP may have an important role in regulating actin turn-activities mediated by cofilin, Srv2, Aip1, and capping
over; however, in vivo evidence for this function hasprotein are required in vivo.
been lacking. Yeast and mammalian Srv2/CAP are pres-Conclusions: We define two genetically and biochemi-
ent in high molecular weight (HMW) complexes in cellcally separable functions for cofilin in actin turnover.
extracts [18, 20, 21]. Formation of the HMW complexOne is formation of an Aip1-cofilin cap at filament barbed
has been suggested to result from interactions of Srv2/ends. The other is cofilin-mediated severing/depolymer-
CAP (57.5 kDa) with itself, actin monomers (41.7 kDa),ization of filaments, accelerated indirectly by Srv2 com-
adenylyl cyclase (220 kDa), and/or other Srv2-inter-plex. We show that the Srv2 complex is a large multimeric
acting proteins. However, native Srv2/CAP complex hasstructure and functions as an intermediate in actin
not been isolated and characterized, leaving its exactmonomer processing, converting cofilin bound ADP-
molecular composition, activities, and biophysical stateactin monomers to profilin bound ATP-actin monomers
poorly understood.and recycling cofilin for new rounds of filament depoly-
Here, we isolated endogenous yeast Srv2 complexmerization.
and defined its components, shape, activities, and mecha-
nism of linkage to actin filaments. We show that Srv2
Introduction complex accelerates cofilin recycling from ADP-actin
monomers and stimulates profilin-mediated nucleotide
Many cellular processes require the rapid turnover of exchange on ADP-actin monomers. Genetic analyses
actin filaments, including intracellular transport, cell mo- provide the first in vivo evidence for Srv2/CAP promoting
tility, endocytosis, cytokinesis, and polarized cell growth. actin turnover and define overlapping mechanisms for
controlling actin turnover in vivo that involve Srv2/CAP,
Aip1, cofilin, capping protein, and profilin.*Correspondence: goode@brandeis.edu
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Results showed little or no affinity for actin filaments in cosedi-
mentation assays (Figure 2B and not shown), suggesting
that its interaction with actin filaments in cell extractsIsolation and Biophysical Characterization
was indirect and required other proteins. A logical candi-of the Native Yeast Srv2 Complex
date linker was Abp1 (Figure 2A), which binds actin fila-These studies initiated from a characterization of actin-
ments through its ADFH (ADF homology) domain [23].associated proteins (AAPs) isolated from wild-type Sac-
The SH3 domain of Abp1 binds in vitro to a proline-richcharomyces cerevisiae cell extracts [22]. We used gel
motif in Srv2 (P2 in Figure 2A), and mutations in eitherfiltration to fractionate AAP mixtures, which previously
the SH3 domain of Abp1 or the P2 motif in Srv2 disruptled to the identification of a 300 kDa complex consisting
Srv2 localization to cortical actin patches [15, 24, 25].of Abp1 and Arp2/3 complex [23]. Here, we focused on
Therefore, it has been proposed that Abp1 anchors Srv2a larger complex, which consists of only two bands
to the filamentous actin cytoskeleton. To test this link-with apparent molecular weights of 43 kDa and 65 kDa
age biochemically, we performed a cosedimentation(Figure 1A). Tandem mass spectrometry analysis and
assay using purified actin, Abp1, and Srv2 complex.immunoblotting identified the proteins as actin and Srv2,
Srv2 complex cosedimented with actin filaments in therespectively. Further, both mass spectrometry and SDS-
presence of intact Abp1, but not truncated Abp1 lackingPAGE analyses indicated that actin and Srv2 were pres-
its SH3 domain (Figure 2B; compare lanes 9 and 11).ent at approximately a 1:1 molar ratio. Analytical gel
Consistent with these results, Srv2 was present in actinfiltration of the purified Srv2 complex showed that it
filament pellets assembled from cell extracts of wild-elutes as two species close in size, with Stokes radii
type and two control mutant strains but was absent fromof 8.9 nm and 9.8 nm (Figures 1B and S1A). Velocity
actin pellets assembled from cell extracts of srv2 andsedimentation analysis of the purified complex (Figures
abp1 strains (Figure 2C).1C and S1B) indicated that it has a sedimentation coeffi-
cient of 16S (Figures 1C and S1B). Using this S value
Srv2 Enhances Cofilin Activity in AAP Mixturesand the Stokes radii determined above, we calculated
Purified Srv2 complex, alone or in combination withthe molecular weight of the purified complex to be be-
Abp1, showed no effects on actin in a range of assays,tween 587 and 645 kDa. The apparent 1:1 molar ratio
including actin assembly and disassembly kinetics,of Srv2 to actin suggests that there may be six molecules
Abp1 activation of Arp2/3 complex, or actin filamenteach of actin (41.7 kDa) and Srv2 (57.5 kDa) per complex.
crosslinking (not shown and Figure 3D). This suggested
However, other analyses, such as equilibrium sedimen-
that additional factors might be required for Srv2 ac-
tation, will be required to define more precisely the mass
tivity, as for many other actin binding proteins (e.g.,
of the complex. SCAR/WASp and Arp2/3 complex [26–29]; Aip1 and cofi-
To determine if actin monomer binding by Srv2 is lin [6, 7]).
sufficient for formation of the HMW complex, we purified To address this possibility, we developed an assay
and analyzed the properties of a carboxyl terminal frag- to compare the effects of AAP mixtures on actin filament
ment of Srv2 (C-Srv2; residues 368–526) that binds to assembly and disassembly kinetics. To test the efficacy
actin [16, 17]. C-Srv2 alone, monomeric actin alone, and of this assay, AAP mixtures isolated from wild-type,
C-Srv2 bound to monomeric actin all had much smaller sac6, srv2, and cof1-22 yeast cells were added to
Stokes radii than the native Srv2 complex (Figure 1D), purified actin filaments, and rates of filament disassem-
demonstrating that the carboxyl terminus of Srv2 is not bly were compared (Figure 3A; sac6 data not shown).
sufficient for formation of the HMW complex. The sac6 AAP mixture disassembled actin filaments
We examined the ultrastructure of purified Srv2 com- more rapidly than the wild-type AAP mixture, consistent
plex by rotary shadowing and electron microscopy (Fig- with a loss of the known filament stabilizing effects of
ure 1E). Images of individual Srv2 complexes show that Sac6/fimbrin [30–32]. The cof1-22 AAP disassembled
there is a central core region comprised of at least four actin filaments more slowly than wild-type AAP (Figures
small lobes (Figures 1A–1C), each approximately the 3A and 3B), consistent with a partial loss of the known
same size as a purified actin monomer (Figures 1A and filament severing/depolymerizing effects of cofilin [5].
1G, small arrows). The core region is flanked by two These effects resulted directly from the loss of cofilin
larger lobes (Figure 1A, large arrow) approximately the activity, because addition of purified wild-type cofilin
same size as 150 kDa IgG molecules (Figure 1H). The (10–50 nM) to the cof1-22 AAP restored activity to a
dimensions of the Srv2 complex are 30–40 nm long wild-type AAP level in a dose-responsive manner (Figure
by10–15 nm wide. Other images contained structures 3B). The final concentration of cofilin in a wild-type AAP
with four or six larger lobes (Figures 1D–1F), which we actin filament disassembly reaction is 10–15 nM, as de-
believe represent two or more associated Srv2 com- termined by quantitative immunoblotting, comparing
plexes. Whether this association arises during sample cofilin concentrations in undiluted wild-type AAP stocks
preparation for electron microscopy or reflects a physio- to a range of concentrations of purified yeast cofilin
(Figure 3C). It is not clear why restoration of wild-typelogically relevant interaction remains unclear.
activity in cof1-22 AAP reactions required the addition
of 30–50 nM purified cofilin, but one possibility is that
Abp1 Directly Links Purified Srv2 Complex yeast cofilin expressed in E. coli is not as active as
to Actin Filaments endogenous cofilin [33].
The presence of Srv2 complex in AAP mixtures [22] The srv2 AAP showed a reduced rate of actin fila-
indicated that the complex associates either directly or ment disassembly, albeit not to the same extent as the
cof1-22 AAP (Figures 3A and 3B). Addition of 10 nMindirectly with actin filaments. Purified Srv2 complex
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Figure 1. Yeast Srv2 and Actin Form a Stable HMW Complex
(A) Purified native yeast Srv2 complex separated by SDS-PAGE and Coomassie stained.
(B) Analytical gel-filtration analysis of purified native yeast Srv2 complex on a Superose 6 column. See Figure S1A for elution traces of Srv2
complex and standards. A standard curve was generated from: (1) thyroglobulin (MW 670,000, 8.50 nm Stokes radius), (2)  globulin (MW
158,000, 5.22 nm), (3) ovalbumin (MW 44,000, 3.05 nm), (4) myoglobin (MW 17,000, 2.08 nm), and (5) vitamin B-12 (MW 1,350, 0.75 nm).
(C) Velocity sedimentation analysis on sucrose gradients of purified native Srv2 complex and protein standards (same numbering as above).
See Figure S1B for sedimentation profiles.
(D) Analytical gel-filtration analysis of purified native Srv2 complex, actin monomers alone, C-Srv2 alone, and C-Srv2 mixed with actin monomers
on a Superose 12 column. Protein standards are numbered as above. Srv2 complex (shown for reference) elutes in the void volume of this
column.
(E) Electron micrographs of deep-etched rotary-shadowed proteins. In (Ea)–(Ec), individual purified native Srv2 complexes, each of which has
two larger lobes (large arrow) and multiple smaller lobes (small arrow). In (Ed) and (Ee), two Srv2 complexes physically associated. In (Ef),
three Srv2 complexes physically associated. In (Eg), an actin filament and an actin monomer (arrow). In (Eh), IgG molecules. In (Ei), thyroglobulin
complex (arrow).
purified Srv2 restored activity in the srv2 AAP to wild- analysis as above (Figure 3C). Addition of higher con-
centrations of Srv2 (100 nM) accelerated actin filamenttype AAP levels. The final concentration of Srv2 in wild-
type AAP actin filament disassembly reactions was depolymerization to a greater extent than the wild-type
AAP. 100 nM purified Srv2 alone had little effect on the10–20 nM, determined by quantitative immunoblotting
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Figure 2. Abp1 Physically Links Srv2 Com-
plex to Actin Filaments through Its SH3
Domain.
(A) Schematic showing domain structures of
S. cerevisiae Srv2 and Abp1. CB, adenylyl
cyclase binding domain; P1 and P2, proline-
rich motifs; WH2, WASp-homology 2 domain;
ADFH, actin depolymerizing factor homology
domain; A, acidic motif; P-rich, proline-rich
region; SH3, Src homology 3 domain. Num-
bering refers to amino acid residues.
(B) Coomassie-stained gel of actin filament
cosedimentation data. 0.5M of purified Srv2
complex was incubated with 2 M preformed
yeast actin filaments and either 1 M Abp1
(lanes 9 and 10) or 1 M Abp1SH3 (lanes 11
and 12), then centrifuged and the pellets and
supernatants analyzed by SDS-PAGE. Abp1
constructs containing the SH3 domain run as
a characteristic doublet, while those lacking
the SH3 domain run as a single band [23].
Abp1 and Srv2 complex do not pellet signifi-
cantly in the absence of actin filaments (lanes
1–6).
(C) Cosedimentation of Srv2 with actin fila-
ments in yeast cell extracts depends on
Abp1. Actin filaments were assembled in cell
lysates from different yeast strains (indicated
above lanes) as described [22], then pelleted
by ultracentrifugation. The levels of actin and
Srv2 in the total cell extracts and the actin
pellets were determined by immunoblotting
with anti-actin and anti-Srv2 antibodies.
rate of actin filament disassembly (Figure 3D), sug- AAP mixtures, and addition of Srv2 has the same effect
as increasing the available concentration of cofilin. Bygesting that Srv2 activity requires other factors in the
AAP mixture. Cofilin/ADF was a logical candidate be- titrating Srv2 in the presence of 50 nM cofilin, we found
that Srv2 stimulates cofilin-mediated actin disassemblycause of its central role in actin turnover. Therefore, we
compared the effects of adding 100 nM Srv2 to wild- in a dose-responsive manner (Figure 3E). In contrast,
concentrations as high as 1 M C-Srv2 failed to stimu-type, srv2, and cof1-22 AAP mixtures. The rate of actin
filament disassembly increased by 50% in wild-type and late cofilin activity (Figure S2). This result differs from
the study of human CAP [9], in which a carboxyl terminalsrv2 AAP mixtures but only by 17% in the cof1-22 AAP
mixture (Figure 3B). Thus, the effects of Srv2 complex fragment recycled cofilin. However, this human CAP
fragment was longer and included a WH2 domain (lack-on actin turnover correlate with levels of cofilin activity
in the AAP mixtures. ing in the C-Srv2 fragment used here) that may contrib-
ute to activity.Next, we measured rates of actin filament disassem-
bly in the presence of purified cofilin and/or Srv2 com-
plex (Figure 3D). Combining 100 nM Srv2 and 50 nM Srv2 Complex Promotes Actin Turnover by
Recycling Cofilin from ADP-Actin Monomerscofilin accelerated filament depolymerization by ap-
proximately 2-fold compared to 50 nM cofilin alone. Since Srv2/CAP has been shown to bind to actin mono-
mers, we considered a mechanism for enhancement ofSimilar rates of filament depolymerization were obtained
by increasing the concentration of cofilin to 100 nM cofilin-mediated actin turnover in which Srv2 competes
with cofilin for association with ADP-actin monomers.(Figure 3D). This suggests that cofilin is limiting in the
Regulation of Actin Turnover In Vivo
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Figure 3. The Srv2 Complex Accelerates
Cofilin-Mediated Disassembly of Actin Fila-
ments
(A) Depolymerization kinetics of pyrene-
labeled actin filaments in the presence of nor-
malized amounts of AAP mixtures isolated
from cof1-22, srv2, and wild-type cells. The
inset graph shows disassembly kinetics for
the first 120 s of each reaction.
(B) Relative rates of pyrene-labeled actin fila-
ment depolymerization during the first 120 s
in the presence of equivalent amounts of the
indicated AAP mixtures, with or without addi-
tion of the specified concentrations of puri-
fied cofilin and/or Srv2. The rate of actin fila-
ment depolymerization in the presence of
wild-type AAP alone is set at 100%.
(C) Quantification of Srv2 and cofilin concen-
trations in the wild-type AAP. 2 l of wild-
type AAP stock and 2 l of the indicated con-
centrations of purified Srv2 or cofilin were
fractionated by SDS-PAGE, blotted, and
probed with cofilin and Srv2 antibodies.
(D) Effect of purified Srv2 on the rate of actin
filament depolymerization in the presence
and absence of cofilin.
(E) Srv2 dose-responsive effects on cofilin-
mediated actin filament depolymerization.
Rates of actin filament disassembly were com-
pared in reactions containing 50 nM cofilin
and variable concentrations of Srv2 (0–100 nM).
This would recycle cofilin for new rounds of filament cally recycles ADP-actin monomers from the cofilin
bound state, thereby enhancing profilin-stimulated ex-severing and disassembly, increasing the rate of actin
turnover. While these studies were in progress, a similar change of nucleotide (ATP for ADP) on monomeric actin.
In contrast to the effects of Srv2 complex, 60 nMmodel was proposed for human CAP [9]. To test this
model, we measured the rates of nucleotide exchange C-Srv2 (and higher concentrations, not shown) did not
show this effect. These data are consistent with theon ADP-actin monomers in the presence of purified cofi-
lin and/or Srv2 (Figure 4A). Addition of 2 M cofilin to view that full-length Srv2, but not C-Srv2, competes
efficiently with cofilin for binding to ADP-actin mono-2 M ADP-actin monomers greatly reduced the rate of
nucleotide exchange, as expected [34, 35]. Addition of mers. We observed no change in the rate of nucleotide
exchange on ADP-actin in the presence of 60 nM Srv260 nM purified Srv2 strongly reversed the inhibitory ef-
fects of 2M cofilin. We titrated this activity and defined alone (no cofilin). This differs from the effects of 800 nM
full-length human CAP, which alone stimulates nucleo-the half-maximal effect concentration to be 7.5 nM Srv2
(Figure 4B). Srv2 also enhanced the ability of profilin to tide exchange on actin [9].
promote nucleotide exchange on cofilin bound ADP-
actin monomers (Figure 4C). In these assays, the half- Genetic Evidence that Srv2 Promotes Actin
Filament Turnover In Vivomaximal effect concentrations of profilin in the absence
and presence of 14 nM Srv2 were 1.5 and 0.65 M, To address SRV2 function in vivo, we tested its genetic
interactions with other genes known to regulate actinrespectively. These results indicate that Srv2 catalyti-
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Table 1. Genetic Interactions Define Three Complementary
Mechanisms Regulating Actin Filament Turnover
Filament Monomer




Each column lists mutations defective in three distinct activities
contributing to actin filament turnover in vivo. With only one excep-
tion (see Results), each mutant in a column displays a synthetic
lethal genetic interaction with each of the mutants in the other two
columns, but not with any of the mutants in the same column.
show no obvious defects in actin organization and grow
well at 25C and 37C [7, 34]. Intriguingly, we found that
srv2 aip1 and srv2 cof1-19 double mutants were
lethal (synthetic lethal), whereas srv2 cof1-22 double
mutants showed no additive defects. Thus, SRV2 dis-
plays a synthetic lethal interaction with the pseudo wild-
type allele (cof1-19) rather than the partial loss-of-func-
tion allele (cof1-22).
As described below, biochemical experiments de-
fined a cofilin-dependent actin filament capping func-
tion for Aip1 and showed that this function is impaired
by cof1-19. This led us to test genetic interactions of
capping protein (CAP2) with factors that regulate actin
turnover. The viable cap2 strain showed synthetic le-
thal interactions with srv2 and cof1-22 mutant strains,
but not with aip1 or cof1-19 strains. By combining our
genetic data with those from previous reports (Table
S1), we sorted mutant alleles by their genetic interac-
tions and biochemical defects into three functional cate-
gories that control actin turnover: filament capping, fila-
ment depolymerization, and monomer recycling (Table
1). With only one exception, discussed below, each mu-
tant in a single category is synthetic lethal with all of
the mutants in the other two categories, but not with
any of the alleles in its own category. From these data,
Figure 4. Srv2 Complex Catalytically Promotes Nucleotide Exchange we propose that aip1, cof1-19, and cap2 mutations
on Cofilin Bound ADP-Actin Monomers
all cause defects in capping filament barbed ends, srv2
(A) The rate of nucleotide exchange on actin was determined by
and cof1-22 are defective in filament disassembly, andmeasuring etheno-ATP incorporation into 2 M monomeric ADP-
pfy1-4 is defective in monomer recharging (nucleotideactin in the presence or absence of 2 M cofilin, 60 nM Srv2, and/
exchange) [37]. The observation that pfy1-4 is syntheticor 60 nM C-Srv2. Bars represent the average rates of nucleotide
exchange during the first 60 s of reactions. For all panels (A–C), the lethal with cof1-19 and cap2, but not with aip1, raises
rate of nucleotide exchange for ADP-actin alone is set at 100%. the possibility that cof1-19 and cap2 have defects be-
(B) Srv2 catalytically accelerates nucleotide exchange of cofilin
sides a failure to cap filament ends, and the other func-bound ADP-actin monomers. The rate of ATP exchange was mea-
tion(s) may overlap functionally with profilin. Consistentsured as above for the first 120 s of reactions. Reactions contained
with this view, cof1-19 is partially defective in actin1 M ADP-actin monomers, 1.5 M cofilin, and variable concentra-
tions of Srv2 (1–72 nM). monomer binding [38].
(C) Srv2 enhances profilin-stimulated nucleotide exchange on cofilin As an independent test for the role of Srv2 in promot-
bound ADP-actin monomers. The rate of ATP exchange was mea-
ing actin disassembly, we compared the rates of corticalsured during the first 120 s of reactions. Reactions contained 1 M
actin patch turnover in wild-type and srv2 cells. ActinADP-actin, 1.5 M cofilin, variable concentrations of profilin (0.5–10
patches are comprised of actin filaments that turnoverM) in the presence (open squares) or absence (closed diamonds)
of 14 nM Srv2. Fit curves in (B) and (C) are best fit to a single rapidly and disappear from cells shortly after treatment
exponential. with the actin monomer sequestering drug latrunculin
A [5, 39]. After 10 min of treatment with 100 M latrun-
culin A, 51%  3% of wild-type cells (n  200) still hadturnover (COF1, AIP1, CAP2, and PFY1). srv2, cof1-22,
visible actin patches, compared to 81%  2% of srv2cap2, and pfy1-4 cells all have defects in actin organi-
cells (n  200). Thus, loss of Srv2 reduces the rate ofzation at 25C and are impaired for growth at 37C [5, 13,
14, 30, 36, 37]. In contrast, aip1 cells and cof1-19 cells actin filament disassembly in vivo.
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Discussion
Actin turnover in vivo is controlled by the diverse activi-
ties of multiple actin-associated proteins working in
concert. We have demonstrated how four different actin
binding proteins (Srv2/CAP, cofilin, profilin, and Aip1)
cooperate to regulate actin turnover. Yeast Srv2 forms
a HMW multimeric structure that accelerates actin turn-
over by competing with cofilin bound ADP-actin mono-
mers and enhancing profilin-stimulated nucleotide ex-
change on actin. Yeast Aip1 caps filament barbed ends
in a cofilin-dependent manner. The cof1-19 allele dis-Figure 5. Yeast Aip1 Caps Actin Filament Barbed Ends in a Cofilin-
Dependent Manner, and Capping Is Disrupted by cof1-19 rupts Aip1-cofilin capping of filament barbed ends,
Net actin filament disassembly was assayed in reactions containing whereas the cof1-22 allele disrupts filament severing/
2 M preformed yeast actin filaments, 100 nM yeast Aip1, 3 M depolymerization, which is normally enhanced by Srv2/
yeast profilin, and variable concentrations (0–300 nM) of wild-type CAP recycling cofilin from ADP-actin monomers. This
or mutant yeast cofilin: Cof1, Cof1-19, or Cof1-22. Reactions were genetic and biochemical separation of cofilin function
incubated for 20 min, centrifuged, and pellets and supernatants
lends strong support to the relevance of these activitiesanalyzed by SDS-PAGE and Coomassie staining (see Figure S4).
in vivo. These functions are likely conserved across dis-The data were quantified by densitometry and are graphed as per-
cent actin in pellets versus concentration of cofilin. tant species, because Xenopus and yeast Aip1 have
similar cofilin-dependent capping activities [11] and
CAP homologs from a number of organisms suppress
the actin defects of S. cerevisiae srv2 cells [40–46].Yeast Aip1 Caps the Barbed Ends of Actin
Further, full-length human CAP protein has some of theFilaments in a Cofilin-Dependent Manner
same activities reported here for yeast Srv2 [9]. Thus, theThe allele-specific genetic interactions of srv2 with
mechanisms for regulating actin turnover are conservedaip1 and cof1-19, but not cof1-22, suggested we could
and require interactions among multiple actin-associ-use these mutants to dissect the biochemical mecha-
ated proteins.nism of action of Aip1. The cof1-19 allele causes no
obvious defects in actin filament binding or depolymeri-
zation in vitro ([38] and our unpublished data, not shown).
The HMW Srv2/CAP Complex
However, cof1-19 disrupts Aip1 localization to actin
Yeast Srv2 forms a large, 30–40 nm elongated structure
patches in vivo and shows a weakened two hybrid inter-
comprised entirely of actin and Srv2 in a 1:1 molar stoi-
action with Aip1 [7]. In contrast, the cof1-22 allele has
chiometry. Although we have not defined the physical
clear defects in actin filament binding and depolymeriza-
state of the actin subunits in the complex, they are likely
tion but does not affect Aip1 localization. The similar
monomeric. Srv2/CAP binds to actin monomers, not
profile of genetic interactions for cap2, aip1, and filaments ([16, 17], Figure 2), and purified Srv2 complex
cof1-19 mutations (Table 1) suggested to us that the remained intact after prolonged exposure to latrunculin
Cof1-19 protein might be defective in Aip1-dependent A (not shown). The molar ratio of Srv2 to actin in cells
capping of filament barbed ends. is approximately 1:10 (Figure S5), indicating that the
To test this prediction, we used a biochemical assay Srv2 complex is a prominent component of the actin
for capping. Actin filaments capped at their barbed ends cytoskeleton with the potential to associate with up to
undergo net depolymerization in the presence of profilin, 10% of the cellular actin.
because actin subunits dissociating from the pointed Our data suggest that HMW complex formation by
ends bind to profilin. Profilin bound actin monomers are Srv2 may be required for its cofilin-dependent activities.
blocked from reassociating with pointed ends but are C-Srv2 binds to actin monomers, but does not form a
free to associate with barbed ends. Thus, uncapped HMW structure (Figure 1) and lacks cofilin-dependent
filaments treadmill, maintaining polymer mass, but fila- activities (Figure 4A and Figure S2). This agrees with
ments capped at their barbed ends undergo net depoly- previous studies showing that C-Srv2 does not fully
merization. As shown in Figure 5 (raw data in Figure S3), complement an srv2 null mutation [13]. A recent study
we observed dose-responsive net depolymerization in showed that an important function of the amino terminus
the presence of Aip1, profilin, and increasing concentra- of human CAP is binding to cofilin and assisting in cofilin
tions of wild-type cofilin. This activity depended on Aip1 recycling [9]. This physical interaction between Srv2/
and cofilin, consistent with formation of an Aip1-cofilin CAP and cofilin is likely conserved in yeast based on a
cap [11]. Purified Cof1-22 induced net depolymerization reported two-hybrid interaction [8] and our data impli-
similar to wild-type Cof1. Thus, net depolymerization cating the amino terminus of yeast Srv2 in cofilin-depen-
does not require the severing/depolymerization activity dent activities.
of cofilin but instead relies on capping. This is supported Defining the precise structure and mechanism of the
by the ability of purified capping protein to substitute Srv2/CAP complex presents a significant challenge for
for Aip1 and cause net depolymerization in this assay the future, owing to its size, multimeric nature, and range
(Figure S4). Cof1-19 failed to induce net depolymeriza- of interactions. The amino terminus binds to cofilin [8, 9],
tion, consistent with our genetic data placing this allele one of the proline-rich motifs (P2) binds to SH3 domain-
containing proteins such as Abp1 [24, 25], and the car-in a capping category (Table 1).
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Figure 6. An Integrated Model for the Regu-
lation of Actin Filament Turnover
The rapid turnover of actin filaments is
achieved by coordination of multiple proteins
having diverse activities on actin. In this
model, Aip1 and cofilin physically associate
to cap the barbed ends of filaments recently
severed by cofilin, which serves to block fila-
ment reannealing and promote net disassem-
bly of filaments (1). Cofilin and Aip1 activity
leads to the rapid accumulation of cofilin
bound ADP-actin monomers (2). The Srv2/
CAP complex, tethered to actin filaments by
Abp1, interacts with cofilin and ADP-actin (3)
and catalytically liberates ADP-actin mono-
mers for nucleotide exchange, in the process
recycling cofilin for further rounds of filament
severing/depolymerization (4). Liberated ADP-
actin monomers undergo rapid nucleotide
exchange (ATP for ADP), enhanced by profilin
(5), recharging actin monomers for new
rounds of assembly. Profilin bound ATP-actin
monomers polymerize readily at uncapped
barbed ends of filaments (6). Capping protein
terminates elongation at barbed ends, re-
stricting filament lengths. See Discussion for
further details.
boxyl terminus binds to actin monomers ([16–19] and the observations that Cof1-19 has reduced affinity for
Aip1 and cof1-19 cells have mislocalized Aip1 [7], sug-Figure 1D], with additional contributions to actin mono-
mer binding possibly coming from the WH2 domain. gest that Aip1 and cofilin physically associate to form
a barbed end cap.Further, there are intra- and/or intermolecular interac-
tions between the amino and carboxyl termini of Srv2
[15, 17, 47], which may be required to build the HMW
An Integrated Model for the Regulation of Actin
structure and produce full activity. We speculate that
Turnover In Vivo
each Srv2 molecule in the complex binds to one actin
In Figure 6, we propose a model for how the factors
subunit, based on the stoichiometry of actin and Srv2 in
studied here are coordinated to regulate actin turnover.
the complex and on 1:1 molar saturated Srv2/CAP:actin
Our model is similar to that of Moriyama and Yahara
binding [16–19]. The fine details of molecular organiza-
[9] but with several important modifications. We have
tion within this structure are not discernable from our
added: (1) a role for an Aip1-cofilin complex in capping
electron micrographs and will require further investi-
barbed ends, (2) clarification of the structural state of
gation.
Srv2 and its linkage to filaments by Abp1, and (3) cooper-
ation between Srv2 complex and profilin in promoting
nucleotide exchange on cofilin bound ADP-actin mono-Aip1 and Cofilin Associate to Cap Filament
Barbed Ends mers. Our model agrees with the major concept of the
model of Moriyama and Yahara: Srv2/CAP acceleratesWe showed that yeast Aip1 has a cofilin-dependent
barbed end capping activity similar to Xenopus Aip1 the release of cofilin from actin monomers, thereby en-
hancing cofilin-dependent actin turnover. However, our[11]. Okada and coworkers localized Aip1 to the barbed
ends of filaments by immuno-gold labeling and showed data disagree with two aspects of their model. First,
it was suggested that CAP (in the absence of cofilin)that Aip1 and cofilin together reduce the rate of elonga-
tion at barbed ends, consistent with capping. However, increases the rate of assembly of actin monomers at
filament barbed ends. We have not observed this effectit was unclear whether Aip1 and cofilin physically associ-
ate to form the cap and/or whether Aip1 preferentially for yeast Srv2 using purified proteins or in AAP mixtures
(not shown). Second, it was suggested that CAP directlycaps cofilin-severed filaments. Our data provide new
insights into this mechanism, as we used mutant alleles promotes nucleotide exchange on actin monomers. We
have found no evidence for this activity; instead, we findof cofilin to uncouple these activities. Cof1-19 has nor-
mal severing/depolymerization activity [34] but fails to that Srv2 complex catalytically competes with cofilin for
binding to ADP-actin monomers, indirectly facilitatingcap filaments with Aip1 (Figure 5). Thus, filament sev-
ering by cofilin is not sufficient for Aip1 capping. In nucleotide exchange (Figure 4A).
In our model, cofilin severs and depolymerizes actincontrast, Cof1-22, which is partially impaired for filament
severing activity, was able to cap filaments with Aip1, filaments, and an Aip1-cofilin complex caps freshly sev-
ered barbed ends to block filament reannealing. Thesesimilar to wild-type cofilin. We cannot rule out a possible
requirement for filament severing in Aip1-cofilin cap- activities lead to the rapid accumulation of cofilin bound
ADP-actin monomers, which must be recharged to ATP-ping, since Cof1-22 is only partially impaired in severing
activity [5]. However, these data, taken together with actin monomers for new assembly at free barbed ends.
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Indicated size standards were fractionated on parallel gradients.While profilin does not compete well with cofilin for bind-
The molecular weight of Srv2 complex was calculated using theing to ADP-actin monomers [35], Srv2/CAP does so ef-
formula M  (6	0 Nas)/(1 
 ) as described [53]. M, molecularfectively (Figure 4B). Cofilin bound ADP-actin monomers
weight; a, Stokes radius; s, sedimentation coefficient; 	0 (viscositybind to the Srv2/CAP complex, with sequences in the of water)  1.002  10
2g/(cm*sec);  (partial specific volume of an
amino terminus of Srv2/CAP interacting directly with average protein)  0.725 cm3/g;  (density of water)  0.998 g/cm3;
and N, Avogadro’s number. For imaging by electron microscopy,cofilin [9] and sequences in the carboxyl terminus of
0.01 mg/ml purified Srv2 complex was briefly adsorbed to freshlySrv2/CAP interacting directly with actin monomers [16–
cleaved mica, then quick-frozen, freeze-fractured, and deep-etched19]. These interactions efficiently compete with cofilin
as described [54, 55].for binding to ADP-actin monomers, recycling cofilin for
further rounds of filament disassembly and liberating Latrunculin-A Induced Actin Patch Turnover Assays
ADP-actin monomers to undergo rapid nucleotide ex- The rate of cortical actin patch turnover in vivo was determined as
change (ATP for ADP), which is stimulated by profilin. described [5]. Wild-type (BGY320) and srv2 (BGY323) cultures were
grown to log phase at 25C and treated with 100 M latrunculin AThis mechanism is consistent with genetic interactions
or DMSO control buffer for 8 min. Cells were fixed, stained withbetween SRV2 and PFY1 [13, 14] and with suggested
rhodamine phalloidin [56], and examined by fluorescence microscopy.physical interactions between Srv2 and profilin [8, 48],
which might facilitate the coordination of their activities.
Actin Filament Binding and Actin Polymer Steady-State
Recharged profilin bound ATP-actin monomers poly- Level Measurements
merize onto free barbed ends of filaments but are Association of Srv2 complex with actin filaments was measured in
an actin filament cosedimentation as described [52] using 2 Mblocked from addition onto filaments capped by Aip1-
preassembled yeast actin filaments, 1 M Abp1, and/or 0.5 M Srv2cofilin or capping protein.
complex. Throughout the paper, the concentration of Srv2 stated
refers to the concentration of Srv2 molecules, not the concentrationExperimental Procedures
of Srv2 complex. Net disassembly of actin filaments by Aip1-cofilin
and capping protein was assayed as follows. The indicated concen-Strains, Media, and Plasmid Construction
trations of Aip1, Pfy1, Cof1 proteins, and/or capping protein wereSaccharomyces cerevisiae strains used are listed in Table S2. Stan-
added to preformed yeast actin filaments (2 M). Reactions weredard methods were used for growth and transformation of yeast
incubated at 25C for 20 min or 4 hr (similar results obtained for[49]. To construct pBG433, which drives expression of an Srv2-TEV-
both), then centrifuged for 20 min at 90,000 rpm in a TLA100 rotor9myc fusion protein under control of the GAL1/10 promoter, the
(Beckman). Equal loads of pellets and supernatants were run onSRV2 open reading frame was PCR amplified and subcloned into
12% SDS-PAGE gels, stained with Coomassie, and the percent actinthe BamHI and NotI sites of a modified pRS426 vector [50].
in pellet quantified by densitometry.
Protein Purification
Actin Filament Depolymerization KineticsPyrene-labeled and unlabeled rabbit skeletal muscle actin was pur-
17.5 M rabbit skeletal muscle actin (4% pyrene label) was assem-chased from Cytoskeleton, Inc. (Denver, CO). GST-Abp1 and GST-
bled at 25C for 1 hr in F buffer (5 mM Tris-HCl [pH 7.5], 0.2 mMAbp1SH3 [23], yeast actin [22], and yeast capping protein [36] were
DTT, 0.2 mM CaCl2, 50 mM KCl, 2 mM MgCl2, and 0.7 mM ATP). Topurified from S. cerevisiae as described. Wild-type and mutant yeast
initiate actin filament depolymerization, 2 l preassembled actincofilins were purified from E. coli as described [34]. Actin-associated
filaments were mixed rapidly with 58 l F buffer and 10 l HEKG5protein (AAP) mixtures were isolated as described [22] from these
(HEK buffer  5% glycerol) or purified proteins in HEKG5 and trans-yeast strains: wild-type (BGY12), abp1 (BGY339), cof1-22 (DDY1266),
ferred to a fluorescence cuvette. For AAP reactions (Figures 3A andcrn1 (BGY11), twf1 (DDY1434), and srv2 (BGY323). For details on
3B), 4 l of normalized AAP mixtures (isolated from wild-type orSrv2 complex purification, see Supplemental Data. In brief, “native”
mutant cells) and 6 l of HEKG5 or purified proteins in HEKG5 wereSrv2 complex was purified by assembling actin in wild-type yeast
added to the reaction. The concentrations of AAP mixtures werecell lysates, then isolating an AAP mixture and fractionating it by
normalized by analysis on Coomassie-stained gels and quantifica-anion exchange chromatography [22]. Peak Srv2-containing frac-
tion of their major bands. The final concentration of actin in thetions from this column were pooled and fractionated further by gel
disassembly reactions was 0.5 M. Pyrene actin fluorescence wasfiltration. “Recombinant” Srv2 complex was purified as described for
monitored by excitation at 365 nM and emission at 407 nM in aLas17-TEV-myc [51] by overexpression of Srv2-TEV-myc in yeast,
fluorescence spectrophotometer (Photon Technology International;affinity chromatography on anti-myc antibody-coated beads, and
Lawrenceville, NJ) maintained at 25C. Absolute rates of filamentrelease from the affinity tag by digestion with TEV protease. C-Srv2
depolymerization were defined as the slope of the linear fit of reac-(amino acids 368–526) was expressed in E. coli and purified by
tion curves over the first 120 s. The relative rates in Figure 3B wereconventional chromatography.
determined from the ratio of the absolute rate of a reaction to
the rate of a control reaction containing wild-type AAP mixture. TheAntibodies and Immunoblotting
relative rates in Figure 3E were determined from the ratio of theChicken polyclonal IgY antibodies were raised against S. cerevisiae
absolute rate of a reaction to the rate of a control reaction containingactin, cofilin, and C-Srv2 (Aves, Inc; Tigard, OR) and used for immu-
50 nM cofilin.noblotting at dilutions of 1:20,000, 1:5,000, and 1:7,000, respectively.
Biophysical Analyses and Electron Microscopy Actin Monomer Nucleotide Exchange Kinetics
Monomeric rabbit skeletal muscle ATP-actin was converted to ADP-of Srv2 Complex
The Stokes radii of proteins were determined by gel filtration analysis actin by incubation with hexokinase agarose [57]. Reactions in Fig-
ure 4A contained the following final concentrations: 2M ADP-actin,using Superose 6 and/or Superose 12 columns (10/30; AP Biotech).
10–50 g of purified protein was loaded, and elution peaks were 2 M cofilin, and/or 60 nM Srv2 and/or 60 nM C-Srv2. 52.2 l of
exchange buffer (2.6 mM Tris, 660 M DTT, 264 M EGTA, and 106determined by absorption at 280 nm and SDS-PAGE of fractions.
The sedimentation coefficient (S value) of Srv2 complex was deter- M MgCl2) was mixed with 5 l of actin and 10 l of proteins in HEK
buffer or HEK buffer alone. Reactions in Figures 4B and 4C containedmined as previously described [52]. 10–50 g of purified Srv2-actin
complex was loaded onto a 12.6 ml sucrose gradient (3%–30%) in the following final concentrations: 1 M ADP-actin, 1.5 M cofilin,
and the indicated concentrations of Srv2 and profilin. 47.9 l of CDTHEK buffer (20 mM Hepes [pH 7.5], 1 mM EDTA, and 50 mM KCl).
The gradients were centrifuged in a SW40 Ti rotor (Beckman) at buffer (0.2 mM CaCl2, 0.2 mM DTT, 5 mM Tris [pH  8.0]) was mixed
with 2.5 l of actin and 16.8 l of HEK buffer or proteins in HEK30,000 rpm for 18 hr at 4C. 400 l fractions were harvested, and
samples analyzed by immunoblotting with actin and Srv2 antibodies. buffer, then mixed immediately with 2.8 l of etheno-ATP (50 M
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final concentration; Molecular Probes, Eugene, OR). The rate of proteins: CAPacity for linking signal transduction and actin poly-
merization. FASEB J. 16, 487–499.etheno-ATP incorporation on actin monomers was followed in a
fluorescence spectrophotometer as above. Absolute rates of nucle- 13. Gerst, J.E., Ferguson, K., Vojtek, A., Wigler, M., and Field, J.
(1991). CAP is a bifunctional component of the Saccharomycesotide exchange were defined as the slope of the linear fit of reaction
curves over the first 60 or 120 s, as indicated in Figure 4. The cerevisiae adenyl cyclase complex. Mol. Cell. Biol. 11, 1248–
1257.relative rates were determined from the ratio of the absolute rate of
a reaction to the rate of control reactions containing actin alone. 14. Vojtek, A., Haarer, B., Field, J., Gerst, J., Pollard, T.D., Brown,
S., and Wigler, M. (1991). Evidence for a functional link betweenThe half maximal effect concentrations were defined as the concen-
tration of Srv2 or profilin on the fit curves equal to one half of the profilin and CAP in the yeast S. cerevisiae. Cell 66, 497–505.
15. Yu, J., Wang, C., Palmieri, S.J., Haarer, B.K., and Field, J. (1999).difference between the maximal nucleotide exchange rate and the
nucleotide exchange rate in the absence of Srv2 (Figure 4B) or A cytoskeletal localizing domain in the cyclase-associated pro-
tein, CAP/Srv2p, regulates access to a distant SH3-binding site.profilin (Figure 4C).
J. Biol. Chem. 274, 19985–19991.
16. Freeman, N.L., Chen, Z., Horenstein, J., Weber, A., and Field,Supplemental Data
J. (1995). An actin monomer binding activity localizes to theSupplemental Data including figures and experimental procedures
carboxyl-terminal half of the Saccharomyces cerevisiae cy-are available at http://www.current-biology.com/cgi/content/full/
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